Human papillomavirus (HPV) E6 oncoprotein targets certain tumor suppressors such as MAGI-1 and SAP97/ hDlg for degradation. A short peptide at the C terminus of E6 interacts specifically with the PDZ domains of these tumor suppressors, which is a property unique to high-risk HPVs that are associated with cervical cancer. The detailed recognition mechanisms between HPV E6 and PDZ proteins are unclear. To understand the specific binding of cellular PDZ substrates by HPV E6, we have solved the crystal structures of the complexes containing a peptide from HPV18 E6 bound to three PDZ domains from MAGI-1 and SAP97/Dlg. The complex crystal structures reveal novel features of PDZ peptide recognition that explain why high-risk HPV E6 can specifically target these cellular tumor suppressors for destruction. Moreover, a new peptide-binding loop on these PDZs is identified as interacting with the E6 peptide. Furthermore, we have identified an arginine residue, unique to high-risk HPV E6 but outside the canonical core PDZ recognition motif, that plays an important role in the binding of the PDZs of both MAGI-I and SAP97/Dlg, the mutation of which abolishes E6's ability to degrade the two proteins. Finally, we have identified a dimer form of MAGI-1 PDZ domain 1 in the cocrystal structure with E6 peptide, which may have functional relevance for MAGI-1 activity. In addition to its novel insights into the biochemistry of PDZ interactions, this study is important for understanding HPV-induced oncogenesis; this could provide a basis for developing antiviral and anticancer compounds.
Human papillomaviruses (HPVs) are small double-stranded DNA tumor viruses that induce hyperproliferative lesions in epithelial tissues (28) . A subset of HPV types that act as the etiological agent of cervical cancers are called "high-risk" types; these include HPV16, HPV18, HPV31, and HPV45 among others (26, 27, 29, 45) . The oncogenic potential of the high-risk types is dependent on the cooperative action of the two early viral gene products, E6 and E7, which bind and alter the activity of cell cycle regulatory proteins.
The targeting of p53 for degradation by E6 has extensively been studied, and this is an important feature for the oncogenic activity of the high-risk papillomaviruses that cause cancer (19, 36, 37) . However, a large amount of evidence suggests the existence of p53-independent functions of E6 that are also necessary and important for transformation. Support for this idea comes from the observation that the transformation of cells or the induction of epithelial hyperproliferation in transgenic animals by E6 does not always correlate with its ability to degrade p53 (22, 33) .
Numerous cellular proteins have been identified as targets of HPV E6 in cell transformation. These proteins are involved in a variety of cellular processes, such as calcium signaling (4), cell adhesion (41) , transcriptional control (5), DNA synthesis (25) , apoptosis (8) , cell cycle control (10) , DNA repair (20) , and small G-protein signaling (11) . One group of these targets of E6 includes the tumor suppressor proteins that harbor multiple copies of PDZ (for "PSD95/Discs Large/ZO-1") domains specialized for protein-protein interaction, which include the membrane-associated guanylate kinase (MAGUK) homology proteins. Among the members of MAGUK proteins that are targeted by E6 are SAP97/Dlg, which is a human homolog of Drosophila melanogaster discs large (24) , MAGI-1, -2 and -3 (14, 40a) , and the non-MAGUKs MUPP1 (26a) and hScrib, which is a human homolog of the Drosophila scribble (40b) .
In epithelial cells of vertebrates, SAP97/Dlg is associated with the adherens junction (AJ) (35) , while MAGI-1, MUPP1, and ZO-2 are associated with the tight junction (TJ) (16) . The AJ is responsible for cell-cell adhesion (17) , and the TJ acts as an impermeable barrier that divides epithelial cells into functionally distinct apical and basolateral membrane domains (44) . The disruption of AJs decreases the phosphorylation of E-cadherin by protein kinase CK2, and this process of downregulation is treated as a common event in carcinogenesis (38) . TJ disruption and apobasical activity directly contribute to carcinogenesis by deregulating normal proliferation and differentiation programs in epithelial cells (32) . High-risk papillomavirus E6 interacts with the PDZ domains of this class of tumor suppressor proteins and targets them for proteosomemediated degradation (1, 7, 30) .
The detail of the interactions between E6 and PDZ proteins is unclear. It is known that PDZ domains generally recognize a four-amino-acid peptide, X-T/S-X-V, that is usually found at the extreme carboxyl terminus of a protein (6) . Previous studies have established the key role of the last valine residue (V-1 for V at the -1 position) and the T/S at the -3 position (or T/S-3) of the peptide for recognizing PDZs, whereas X-2 and X-4 can be any residue (39) . The E6 proteins of high-risk HPVs have a conserved six-residue peptide at the C terminus (R-R/T/N/Q-E-T-Q/E-V/L), with T at the -3 position and V/L at the -1 position that is characteristic for PDZ-binding peptides (9) . The E6 proteins from different HPV types appear to have various specificities and affinities for different PDZ domains. For example, HPV16 E6 binds to SAP97/Dlg mainly by PDZ domain 2 (PDZ2) (24) , whereas HPV18 E6 binds to all three PDZ domains (13) . This difference in binding PDZs by different HPV E6 proteins may be associated with the pathogenicity and prevalence of a particular virus type (2) .
To understand the specific binding to different PDZs by HPV E6 in targeting the MAGUK PDZ-containing tumor suppressors for degradation, we have solved three crystal structures of the complexes containing MAGI-1 PDZ1, SAP97/Dlg PDZ2, and PDZ3 domains bound to a seven-residue polypeptide, R-R-R-E-T-Q-V, from the C terminus of HPV18 E6. The complex crystal structures reveal new insights into the general rules of the specificity in PDZ recognition and provide detailed molecular mechanisms of targeting MAGI-1 and SAP97/Dlg (referred to as SAP97 hereafter) for degradation. Surprisingly, all six residues of the E6 peptide participate in binding PDZ. A point mutation of R-5 of HPV18 E6 abolished the E6-mediated degradation of both SAP97 and MAGI-1, demonstrating the important role of residues outside the canonical PDZrecognizing sequence that contains four amino acids. Moreover, for the PDZ1 domain of MAGI-1, which represents the first crystal structure for a MAGI family protein, we have identified a dimer form of PDZ1. These results illustrate the molecular mechanisms by which a viral oncoprotein, E6, specifically targets cellular tumor suppressors for inactivation in order to promote cell growth and transformation.
MATERIALS AND METHODS
Cloning, protein expression, and purification. The DNA encoding SAP97 PDZ2 (residues 318 to 401), PDZ3 (residues 459 to 543) and MAGI1b PDZ1(residues 451 to 534) domains was amplified by PCR and cloned into pGEX-6P-1 vector as a glutathione S-transferase (GST) fusion. All clones were verified by DNA sequencing. The expression of the proteins was induced by 0.2 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) in Escherichia coli overnight at room temperature. The cell pellet was sonicated in lysis buffer (50 mM Tris-Cl, pH 8.0, 250 mM NaCl). The cell lysate was purified by affinity chromatography using glutathione-Sepharose 4B (Amersham Pharmacia Biotech). After on-column cleavage with precision protease at 4°C, the proteins were purified through Resource Q, followed by gel filtration on a Superdex G75 column (Amersham Pharmacia Biotech). Purified PDZ domain proteins were pooled and concentrated in a buffer containing 20 mM Tris-HCl (pH 8.0) and 50 mM NaCl.
Crystallization and data collection. Purified PDZ domains of SAP97 and MAGI-1 were concentrated to 10 to 16 mg/ml in a buffer containing 20 mM Tris (pH 8.0), 50 mM NaCl, and 1 mM dithiothreitol (DTT) and mixed with an HPV18 E6 C-terminal seven-residue peptide (R-R-R-E-T-Q-V, over 98% purity; Celtek Bioscience, Nashville, TN) in a molar ratio of 1:1.5 prior to crystallization. SAP97 PDZ3 crystallized in 22.5% polyethylene glycol 4000 and 0.1 M MES (morpholineethanesulfonic acid), pH 6.5. MAGI-1 PDZ1 crystallized in 21% polyethylene glycol 2000 monomethyl ether, 0.1 M sodium acetate (pH 4.6), and 0.2 M ammonium sulfate. SAP97 PDZ2 crystallized in 2.2 M ammonium sulfate and 0.1 M sodium citrate. Diffraction data were processed using HKL2000, and data statistics are shown in Table 1 .
Structure determination and refinement. The structures of SAP97 PDZ2, PDZ3, and MAGI-1 PDZ1 were solved by molecular replacement using MOLREP of the CCP4 suite. The second PDZ domain of discs large homologue 2 (Protein Data Bank [PDB] code, 2BYG) worked as a search model for solving the structure of SAP97 PDZ2 in space group (spg) C2. SAP97 PDZ3 crystal was also in the C2 spg with three molecules per asymmetric unit, and the structure was solved using the coordinates of the human discs large protein PDZ3 (PDB code, 1PDR). For MAGI PDZ1, a polyalanine model from the nuclear magnetic resonance structure of human atrophin-1 PDZ1 (PDB code, 1UEQ) was used as a search model and yielded two molecules per asymmetric unit in spg P2 1 . The structures were refined by alternating cycles of model rebuilding and refinement using O and CNS, respectively. Progressive inclusions of side chains, water molecules, and the bound E6 peptides coupled with a few cycles of refinement yielded good refinement statistics (Table 1) .
HPV18 E6-mediated degradation assays. The plasmids expressing SAP97, MAGI-1, p53, and HPV18 E6 have been described previously (40) . The R154G mutation of HPV18 E6 was introduced using the Invitrogen GeneTailor kit and verified by DNA sequencing. The proteins were expressed in vitro using the Promega TNT kit and were radiolabeled with [
35 S]cysteine (Amersham). The target proteins were incubated in the presence or absence of wild-type (wt) or mutant E6 for 30 min (MAGI-1), 1 h (p53), or 2 h (SAP97) and then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by autoradiography.
GST pull-down assays. The expression levels of GST alone, GST-Dlg, and GST-M1P1 (MAGI-1 PDZ domain 1) have been reported previously (40) . The expressed proteins were immobilized on glutathione-agarose (Sigma), and after extensive washing, they were incubated with wild-type and mutant E6 proteins, translated in vitro as described above. After 1 h at room temperature, the glutathione-agarose was washed extensively with phosphate-buffered saline containing 2% Triton X-100 and 0.5% Nonidet P-40. The remaining proteins were separated by SDS-PAGE and subjected to analysis by radiography and phosphorimaging.
RESULTS AND DISCUSSION
Overall organization of PDZ-E6 peptide complexes. HPV18 E6 proteins target a number of MAGUK proteins for degra- 
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Seven percent of the reflections were excluded for the R free calculation.
dation by binding through their PDZ domains. We have solved the crystal structures of MAGI-1 PDZ1, SAP97 PDZ2, and PDZ3 domains, each in complex with a seven-residue peptide (R-R-R-E-T-Q-V) from the C terminus of HPV18 E6, at resolutions of 2.1 Å, 2.3 Å, and 2.8 Å, respectively ( Fig. 1 ; Table  1 ). In the following discussion, the C-terminal Val residue of the E6 peptide will be referred to as V-1 and the remaining E6 peptide residues will be numbered in ascending order as Q-2, T-3, E-4, R-5, etc.
For all three PDZ complexes, the E6 peptide ligand is positioned in the "substrate" groove of PDZs between the strand ␤B and the helix ␣B (Fig. 1 ). This substrate groove is also used for binding other peptides by different PDZ domains (reviewed in reference 39). However, in contrast to the previously characterized peptide-PDZ complexes where only four residues from the peptide were found to interact with PDZ, we saw six of the seven HPV E6 peptide residues bound in all three PDZ-E6 complexes (Fig. 1A to C) , even though the contribution of the side chain of R-6 is less defined in the SAP97 PDZ2-peptide complex (Fig. 1B) . These additional interactions with the PDZs by the two extra Rs, together with other new interaction features to be discussed later, provide the viral E6 protein with an upper hand in competing with cellular ligands for binding these PDZ domains and may therefore allow the virus to deregulate the activity of these PDZ-containing tumor suppressors.
Detailed interactions of the E6 peptide with PDZ. It is well understood how the short four-residue peptide sequence X-T/S-X-V/L can interact with the PDZ domains of a few proteins (6, 15, 42) . Our complex crystals not only show the basic features revealed by the common four-residue peptide sequence X-T/S-X-V/L but also uncover several novel features about the specific interactions of the seven-residue HPV18 E6 peptide with the three PDZ domains from MAGI-1 and SAP97. The HPV18 E6 peptide bound to the groove of all three PDZ domains forms an additional ␤-strand that is antiparallel with ␤B in a so-called ␤-augmentation process. The main chain carboxyl group of the E6 peptide is well anchored with the main chain nitrogens of the GLGF motif of PDZ ( Fig.  2A to C) , which is GFGF (residues 461 to 464) in the case of the MAGI-1 PDZ domains. Other common features include the interactions of two methyl groups of V-1 with a hydrophobic pocket within all three PDZ domains ( Fig. 2A to C) .
In all three PDZ-peptide complexes, the side chain of T-3 forms a hydrogen bond with a highly conserved PDZ His residue ( Fig. 2A to C) . Indeed, a study of Dlg degradation by HPV18 E6 showed that mutation of T-3 to an E residue reduced Dlg degradation, as this E6 mutant had undetectable Dlg binding (13) . Interestingly, T-3 has previously been shown to be a critical functional residue in the case of the K ϩ ion channel peptide bound to PSD95 PDZ3, thus demonstrating a highly conserved interaction common to several PDZ domains of different proteins (6, 23) . Protein kinase A-dependent phosphorylation at T-3 of E6 is found to be detrimental for PDZ binding, and this can now be explained by our structural observations. All of our complex structures (Fig. 2) show that the hydroxyl group of T-3 is only 3 Å away from the His belonging to ␣B of the PDZ, forming a hydrogen bond with its N-3 atom. Therefore, phosphorylation on T-3 is expected to result in a serious steric hindrance with the peptide binding groove of PDZ, which may eventually abrogate the ␤-augmentation of E6 within the PDZ domain. The -4 position of HPV18 E6 is a Glu (E-4) (Fig. 1D) . Even though this E-4 residue makes hydrogen bonds with all three PDZs, there are obvious differences in the details. For the PDZ1 of MAGI-1, the E6 peptide residue E-4 forms hydrogen bonds with two residues, T465 and S480, from strands ␤B and ␤C, respectively ( Fig. 2A) . Similar interactions are present for the same E-4 with N478 and S491 from strands ␤B and ␤C, respectively, for PDZ3 of SAP97 (Fig. 2C) . However, in the SAP97 PDZ2-peptide complex, the residue E-4 makes hydrogen bonds with T350 from strand ␤C only. In the previously characterized PDZ-binding sequence of X-T/S-X-V/L, the -4 position was listed as X, which stands for any amino acid. However, the E-4 residue of the HPV E6 protein is conserved in all the high-risk HPV types (Fig. 3B) . The fact that this E-4 residue makes hydrogen bonds with all three PDZs suggests that it contributes to the specific binding of HPV E6 to the PDZs of the two tumor suppressors. Conversely, all the PDZ domains with polar residues at the equivalent positions on ␤B (E) Importance of the R-5 residue of E6 for the degradation of MAGI-1 and SAP97/Dlg. As shown above, R-5 contacts MAGI PDZ1 and hDlg/SAP97 PDZ2 through both the main chain and the side chain (also see Fig. 4D ). In vitro-translated radiolabeled SAP97/Dlg, MAGI-1, and p53 proteins were incubated at 30°C alone (lane 2), with wild-type HPV18 E6 (lane 3), or with mutant (mut) HPV18 E6 that has R-5 mutated to G (R154G) (lane 4). The proteins in the assays were incubated for the times previously shown to give optimal degradation of the protein (2 h for SAP97/Dlg, 0.5 h for MAGI-1, and 1 h for p53). Note that the incubation time for MAGI-1 is four times shorter than for SAP97/Dlg, as the E6-mediated degradation for MAGI-1 is approximately four times faster. E6 peptide residue Q-2 in PDZ binding. In the previous crystal structure of PSD95 PDZ3 complexed with a four-residue peptide of CRIPT, the residue at the -2 position, S-2, did not make any interactions (6) , which is consistent with the fact that the residue at position -2 is poorly conserved (labeled as X-2) among the C termini of membrane proteins and is expected to be functionally unimportant. However, the -2 position of the HPV E6 peptide is a Q (Q-2) that is highly conserved (Fig. 3B) . Among the three PDZ-E6 peptide structures, the Q-2 of the E6 peptide makes hydrogen bond interactions with both MAGI PDZ1 ( Fig. 2A ) and SAP97 PDZ2 (Fig. 2B) but not with SAP97 PDZ3 (Fig. 2C) . This differential interaction with PDZs at the -2 position of the E6 peptide may therefore contribute to the specificity of E6 for targeting a particular PDZ domain.
Superimposing the three PDZ structures from MAGI and SAP97 (Fig. 4A ) reveals why the Q-2 residue of the E6 peptide can interact with MAGI1 PDZ1 and SAP97 PDZ2 but not with SAP97 PDZ3. SAP97 PDZ3 has two large residues, L494 and N478, which sterically keep the Q-2 side chain pointing away from PDZ, and no bond contacts can be made (Fig. 4B) . However, these two large residues (L494 and N478) are replaced by smaller ones in MAGI-1 PDZ1 and SAP97 PDZ2 (Fig. 4B) , which generates room for the Q-2 side chain to reorient, making hydrogen bonds with these two PDZs. This difference in the interactions of the Q-2 residue with PDZ2 and PDZ3 of SAP97 suggests that HPV18 E6 should have stronger binding to PDZ2 than to PDZ3. This observation is consistent with the fact that the PDZ2 domain of SAP97 seems to be the critical domain for the ability of E6 to degrade SAP97 (12) .
E6 peptide residue R-6 in PDZ binding. R-6, a conserved residue among high-risk HPVs (Fig. 3B) , participates in PDZ binding in the MAGI-1 PDZ1-E6 complex. In this complex, the R-6 side chain interacts with the polar group of Q477 in MAGI PDZ1 (Fig. 4C) . However, the side chain of R-6 is not making bonding contact with the PDZ2 and PDZ3 of SAP97, mainly because at the equivalent position of Q477 of MAGI PDZ1 is a hydrophobic residue (F) that cannot bond with R-6 (Fig. 4C) . Additionally, the extended BC loop of SAP97 PDZ2 forces the side chain of R-6 to orient away from PDZ so that no bonding contact can be established (Fig. 4C) .
A novel peptide-binding motif of PDZ: BC loop. In addition to the structural elements previously identified in peptide binding, including the carboxylate GLGF loop, ␤B, and ␣B, our complex structures reveal a new peptide-binding structure element of PDZs which comprises the loop connecting the ␤B and ␤C strands (BC loop) ( Fig. 2A to C) . Residues on this BC loop interact with the E6 peptide directly (Fig. 2B and C) or via well-ordered water molecules ( Fig. 2A, C, and D) . In the case of MAGI-1 PDZ1, two waters with low temperature factors (14 and 24 Å 2 , respectively) mediate hydrogen bond interactions with the R-5 residue of the E6 peptide (Fig. 2D) . Similar water-mediated hydrogen bond interactions are also observed in the SAP97 PDZ3-peptide complex (Fig. 2C) .
Even though this BC loop of PDZs plays an important role in peptide binding, the loop region appears to be poorly conserved in length and sequence among the three PDZ domains (Fig. 3A) . For example, D470 of MAGI PDZ1 and E384 of SAP97 PDZ3 located on the BC loop form hydrogen bonds with the R-5 residue of the E6 peptide ( Fig. 2A and C) . However, the position is not conserved in PDZ2 of SAP97, which is V336 in the alignment (Fig. 3A) . Additionally, there is a fiveresidue insertion in the loop. Nonetheless, in the three-dimen- sional structure, the longer BC loop of PDZ2 is oriented in such a way that N338 of PDZ2, instead of V336, occupies the equivalent position of D470 of MAGI PDZ1 and bonds with the E6 peptide residue R-5 (Fig. 2B) . Thus, the same type of peptide interaction is maintained in the SAP97 PDZ2-peptide complex by adopting a different BC-loop conformation to spatially align a similar residue to the equivalent position of D470 of MAGI PDZ1 in order to interact with the E6 peptide residue R-5. Important role of E6 peptide residue R-5 in PDZ binding. As discussed above, all three PDZ-peptide complexes show the BC loop as the new peptide-binding motif of PDZ to make contact with R-5. To test the functional relevance of the interactions of the BC loop with the R-5 residue of HPV E6, R-5 was mutated to G to generate an HPV18 E6 mutant, R154G, and the mutant was tested for its ability to mediate the degradation of MAGI-1 and SAP97. HPV18 E6 has been shown previously to induce the degradation of MAGI-1, SAP97, and p53 via the 26S proteasome pathway (13, 14, 37) . We performed similar degradation assays using the wt and the R154G mutant of HPV18 E6 (Fig. 2E) . The wt E6 protein was effective in inducing near-complete degradation of the three target proteins. However, the R154G mutant greatly reduced the ability to induce the degradation of MAGI-1 and SAP97 but was still as effective as wt E6 in degrading p53, which has no PDZs.
To confirm that the reduced ability of the E6 R154G mutant to induce the degradation of the PDZ target was the result of reduced binding by the E6 mutant, we performed GST pulldown assays. Figure 2F shows the autoradiograph and Coomassie-stained gel of a representative binding assay, while the graph in Fig. 2G shows the combined results for at least three assays, as determined by phosphorimaging. It is clear from these results that the R154G mutant has substantially lower binding to both full-length Dlg and MAGI-1 PDZ domain 1 than wild-type HPV18 E6. These results demonstrate that the interaction between R-5 of HPV E6 and the newly identified peptide-binding motif on the BC loop of the PDZs is functionally important in the degradation process.
Predicted difference in PDZ binding by HPV18 and HPV16 E6 proteins. The organization of the hydrophobic residues around V-1 is critical in the PDZ1-E6 complexes reported here. Four hydrophobic residues, two from the GLGF motif, one from ␤B, and the other from ␤C, are closely packed around the V-1 side chain. A second layer of hydrophobic residues is found just beneath the hydrophobic pocket of V-1. This second layer restricts the conformational freedom of the residues involved in the hydrophobic pocket of V-1, and the packing patterns of the hydrophobic residues are very similar in all three complexes, despite their sequence differences, and look optimum for the Val side chain ( Fig. 2A to C) . As HPV16 E6 has Leu at its carboxy terminus (Fig. 3B) , we attempted to model Leu in place of V-1 in our complex structures. To fit the Leu side chain in the hydrophobic pocket, avoiding the short contacts, an outward shift of the peptide backbone has to be made in all three complexes, which eventually weakens the ␤-strand interactions between the peptide and ␤B of PDZ. The main chain interactions of ␤B of PDZ and the backbone of the peptide residues are responsible for stabilizing an extended peptide in the binding groove, thus increasing the affinity of interaction (6) . Therefore, the weakening of the ␤-strand interactions that results from accommodating an E6 peptide with Leu at the -1 position could possibly be responsible for the lower affinity of HPV16 E6 towards these PDZ domains.
It is worth noting that in the case of a different PDZ domaincontaining substrate of E6, HPV16 E6 is actually more efficient than HPV18 E6 in directing the degradation of the tumor suppressor scribble and the Leu/Val difference at the -1 position appears to be critical (40b) . This implies that for other PDZ domain substrates of E6, Leu at -1 may in fact be optimal for binding. Therefore, the involvement of the other upstream Hydrophobic residues were found to cluster at the core of the interface. (C) Direct interaction of R-6 with D473 of the bottom monomer (salmon). This R-6 reaches across the dimer interface from the E6 peptide bound to the substrate groove of the top monomer (in blue). (D) Dimer formation of MAGI-1 PDZ1 in solution. About 10 l of purified MAGI-1 PDZ1 (3.0 g/l) was treated with 10 l SDS loading buffer in the absence or presence of 10 mM DTT (lanes 2 and 3), followed by a 12.5% SDS-PAGE analysis. Purified SAP97/Dlg PDZ3 was used as a control (lanes 4 and 5). The dimer form was detected only for MAGI-1 PDZ1 under nonreducing conditions (without DTT) (lane 2). All the PDZ domains run as a relatively diffused band as monomers, possibly due to their small size (ϳ8 kDa).
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C-terminal E6 residues in PDZ binding cannot be ruled out, and the structure determination of the HPV16 E6 peptide bound to the relevant PDZ domain should clarify this issue. MAGI-1 PDZ1 dimer and peptide binding. For the MAGI-1 PDZ1-E6 peptide complex, PDZ1 forms a dimer (Fig. 5A ). There are extensive interactions at the dimeric interface, including hydrophobic packing and hydrogen bonds (Fig. 5B) . Additionally, two intermolecular disulfide bonds form between C533 of one PDZ1 and C506 of another and effectively crosslink the two monomers (Fig. 5B) .
To check whether MAGI-1 PDZ1 forms a disulfide-crosslinked dimer in solution, we analyzed the PDZ1 proteins through nonreducing SDS-PAGE (Fig. 5D) . When the purified PDZ1 protein was treated with SDS loading buffer in the absence or presence of DTT, a protein band of ϳ18 kDa or ϳ8 kDa was detected, respectively (Fig. 5C, lanes 1 and 2) , clearly demonstrating the presence of a dimer in the solution and suggesting the biochemical relevance of the dimer form. Because the PDZ domain proteins essentially have no UV absorption at an optical density at 280 nm, due to the lack of aromatic residues, no UV absorption profile from gel filtration chromatography can be obtained, even at high protein concentrations. However, SDS-PAGE analysis showed that there are proteins collected at the peak fractions expected for both the dimeric and the monomeric form, further confirming the dimer formation.
The role of oligomerization of the PDZ domain has already been implicated in the formation of intracellular signaling complexes (21) . For example, INAD (inactivation no after potential D) multimerizes via PDZ3 and PDZ4 without interfering with PDZ ligand binding (43) . In contrast, the PDZ-PDZ interaction-mediated nNOS association with syntrophin or PSD-95 is competitively inhibited by the peptide ligand (3). However, no direct evidence so far shows the dimer formation of MAGI-1 PDZs, and the biological significance of the dimer for MAGI-1 function requires further investigation. Nonetheless, the MAGI PDZ1-peptide complex shows that the dimer contains two E6 peptides, each one bound to one monomer, and each one of these E6 peptides interacts with both PDZ1 domains at the dimer interface. Each E6 peptide binds to the substrate groove of one PDZ1 through the interactions described above. In addition, it also uses its R-6 to interact directly with D473 of the other monomer as well as indirectly via water molecules (Fig. 5C ). By interacting with both molecules of the PDZ dimer, the E6 peptide is expected to strengthen its association with MAGI PDZ1; this is consistent with the facts that the E6-mediated degradation of MAGI-1 is more efficient than that of SAP97 (Fig. 2E) (40) and that R-6 is a highly conserved residue for high-risk HPV E6 proteins (Fig. 3B) , thus further emphasizing the relevance of this interaction.
Concluding remarks. The three PDZ-peptide complex crystal structures reported here have provided molecular details and new insights about the specificity of HPV E6 oncoproteins in binding to PDZs from MAGI-1 and SAP97/Dlg PDZ2. In contrast to the normal four-residue peptide X-T/S-X-V/L for PDZ binding, these crystal structures reveal that six out of the seven residues of the E6 peptide (R-R-R-E-T-Q-V) are involved in PDZ recognition. In addition to the new interactions of the longer peptide, the residues at positions -2 (Q-2) and -4 (E-4) of the peptide, which are X in the canonical PDZ binding peptide but are highly conserved in high-risk HPV E6 proteins, make strong contacts with PDZs in two complexes. A new peptide-binding motif on PDZ is revealed in all of these complex crystal structures and comprises the BC loop that specifically interacts with the arginine residue at the -5 position (R-5). The functional relevance of these newly identified R-5 and BC-loop interactions is supported by our mutational study, in which an R-5-to-G mutation abolished the HPV18 E6-mediated degradation of MAGI-1 and SAP97. Moreover, we have identified a dimer form of MAGI-1 PDZ1 in the crystal structure and in solution. The E6 peptide in the complex structure interacts with both PDZ molecules, which may contribute to a stronger PDZ recognition by HPV E6 and provide a plausible explanation for a more efficient E6-mediated degradation of MAGI-1 than of SAP97. This study therefore highlights the importance of additional residues outside the canonical PDZ recognition motif in determining substrate specificity in this class of protein-protein interactions. These results also illustrate the detailed molecular mechanisms by which HPV E6 can specifically recognize and compete for the PDZs of cellular tumor suppressors in the process of cell transformation and oncogenesis.
